Background
Introduction
Myelodysplastic syndromes (MDS) are clonal marrow stem-cell disorders, characterized by ineffective haemopoiesis leading to blood cytopenias. One third of patients have a risk of acute myeloid leukemia (AML). Median survival in patients classified as high or intermediate 2 on the International Prognostic Scoring System (IPSS) are only about 12 months [1] . Patients with MDS who progress to AML have shorter durations of complete remission (CR) than the ones with de-novo AML [1, 2] . Treatment of MDS remains challenging. Allogeneic hematopoietic stem cell transplantation remains the only curative treatment of high-risk MDS. However, comorbidities and impaired functional status lead to poor treatment outcome. Therefore, innovative approaches for patients with high-risk MDS are still necessary.
Homoharringtonine (HHT), an antitumor plant alkaloid, has been widely used in China to treat patients with AML since 1970s. A number of clinical studies have confirmed a significant effect of HHT on AML [3] [4] [5] . Patients with AML who received induction therapy consisting of HHT and cytarabine (HA) have similar CR rates compared to combinations of anthracyclines and cytarabine [6] . HHT based triple drug combinations, especially the HAA regimen are highly effective in the treatment of de novo AML [7] . The HAG priming regimen (G-CSF priming combined with low-dose HA chemotherapy) is effective and safe as an induction therapy for patients, including elderly patients, with high-risk MDS and MDS/AML, with CR rates of 46.7%~57.6% in China [8, 9] . Wu et al [10] reported the median overall survival (OS) of elderly patients with high-risk MDS or MDS/AML receiving the HAG regimen as induction chemotherapy was 15 months. These results reflect that more effective alternative regimens are necessary to improve the outcome of patients with high-risk MDS and MDS/AML, although scattered and retrospective clinical trials in China have confirmed the important role of HHT in high-risk MDS and MDS/AML.
Since NF-κB activation is responsible for the progressive suppression of apoptosis affecting differentiation of MDS cells and contribute to malignant transformation [11] , proteasome inhibitors may be effective in the treatment of high-risk MDS. Bortezomib is a proteasome and NF-κB inhibitor that can induce cell apoptosis in vitro and has demonstrated benefit when used as a single agent in high-risk MDS patients [12, 13] . The mechanisms involved decreased activation of the PI3K/Akt survival signaling pathway and were related to inhibition of the NF-κB activity and downregulation of the Bcl-2/Bax ratios [13] .
The expression of miR-3151 is activated by the SP1/NF-κB complex and can be inhibited by Bortezomib. Eisfeld et al [14] reported that high expression of miR-3151 is an independent prognosticator for poor outcome in cytogenetically normal AML (CN-AML). Increase of miR-3151 reduced the cell apoptosis and chemosensitivity of AML cell lines and increased leukemogenesis in mice. miR-3151 bound to the 3 0 untranslated region of TP53 to disrupt the TP53-mediated apoptosis pathway in AML cells [15] . However, the role of miR-3151 and NF-κB in high-risk MDS cell line SKM-1 has not been reported.
Riccioni et al [16] reports that patients with AML-M4 and AML-M5 are more sensitive to Bortezomib than other FAB classification. HHT is also highly effective in the treatment of AML-M5 [17, 18] . In addition, HHT enhances cytotoxicity of Bortezomib against multiple myeloma cells concomitantly with inhibition of phosphorylated Akt [19] . In the present study, we investigated the cytotoxicity and the molecular mechanism of HHT and Bortezomib towards high-risk MDS cell line SKM-1 in vitro and the role of miR-3151 was first evaluated in SKM-1 cells.
Materials and Methods

Cell line and reagents
The high-risk MDS cell line SKM-1 was purchased from the Health Science Research Resources Bank in Japan, and cultured in RPMI-1640 medium (Gibico) supplemented with 10% fetal bovine serum (Gibico) in a 37°C, 5% CO 2 incubator. Normal human peripheral blood mononuclear cells (PBMC) were isolated from a healthy volunteer donor, from whom written formed consent for experimental use was obtained. The protocols received approval from the ethics committees of the Institutional Review Board of Huashan Hospital, Fudan university (Permit Number: 2011-037). Dilute blood 1:1 with calcium-magnesium-free PBS and layer 4 ml onto 4 ml Ficoll-Paque PREMIUM (GE Healthcare). Centrifuge at 400×g for 20 minutes at 20°C. Draw off the upper layer without disturbing the interface. Collect the interface with a cannula and diluted to RPMI-1640. HHT was obtained from Minsheng Pharma (Hangzhou, China). Bortezomib was obtained from Xian-Janssen Pharmaceutical Ltd. (Xian, Shanxi, China). 
Cell viability assays
Cell apoptosis analysis
Cell apoptosis was determined using the Annexin V Apoptosis Detection Kit APC (eBioscience) following manufacturer's instructions. Add 5 μL of fluorochrome-conjugated Annexin V to 100 μL of the cell suspension. Incubate 15 min at room temperature. Wash cells in 1× Binding Buffer and resuspend in 200 μL of 1× Binding Buffer. Add 5 μL of Propidium Iodide Staining Solution Analyze by flow cytometry within 4 h. Cells were analyzed on a FACScan flow cytometer (BD Biosciences) and data were interpreted using the Flowjo software (Treestar).
Analysis of nuclear morphology
Cells were fixed by incubating in stationary liquid for 15 min at room temperature. After being washed twice with PBS, cells were permeabilized with 0.2% Triton X-100 for 30 min, washed with PBS, stained with 10 μg / mL Hoechst 33342 (Sigma) for 30 min, and washed with PBS again. Nuclear morphology was observed immediately using a fluorescence microscope ((Nikon, Tokyo, Japan).
Western blot analysis
Cells following treatment were washed twice in PBS and lysed with RIPA (Beyotime, Shanghai, China) in the presence of the protease inhibitor PMSF (Beyotime, Shanghai, China). Protein concentration was determined using the BCA protein assay kit (Beyotime, Shanghai, China). Protein samples were separated by SDS-PAGE and transferred to PVDF membranes (Immobilon-P membrane; Millipore, USA). After incubation in 5% fat-free milk at room temperature for 2 h to block non-specific binding, membranes were incubated with primary antibodies at 1:1000 dilution in TBS-Tween (TBST) (0.05% Tween-20 in TBS) at 4°C overnight. Membranes were then washed three times with TBST and incubated with secondary antibody at 1:5000 dilution for 1 h at room temperature. Membranes were again washed three times with TBST and visualized by enhanced chemiluminescence using Supersignal West Pico Trial Kit (Thermo Scientific, Massachusetts, USA).
Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted using Trizol Reagent (Invitrogen) following manufacturer's instructions. Reverse transcription and qRT-PCR was performed using the All-in-One™ miRNA qRT-PCR Detection Kit (GeneCopoeia Inc.) on a 7500 Real-Time PCR System (ABI, Grand Island, NY, USA). All reactions were performed in three repeats. miR-3151 and U6 primers used for qRT-PCR were purchased from GeneCopoeia Inc.
Lentivirus infection
Lentivirus vectors were constructed by Bioeasy (Shanghai, China). Each vector contains a target gene hsa-miR-3151 and a green fluorescent protein (GFP) marker. SKM-1 was transfected with recombinant lentivirus-miR-3151 expression vector (miR-3151 precusor) in a complete medium using polybrene. Cells transfected with lentiviral pLVX-eGFP-IRES-Puro vector without clones of pre-miR-3151 were used as controls. After 48 h of transfection, GFP expression was examined using flow cytometry.
Statistical analysis
The half-maximal inhibitory concentrations (IC50) were calculated using GraphPad Prism (GraphPad Software, USA). The combination index (CI) was calculated using the Chou-Talalay method (Calcusyn software, Biosoft, San Diego, CA, USA) to ascertain if the effects of drug combinations were synergistic (CI < 1), additive (CI = 1), or antagonistic (CI > 1) [20] . Results are presented as means ± standard deviation (SD). The dose-response analyses were performed by one-way ANOVA with Dunnett's-t test. All statistical analyses were performed using the software Stata 9.0 for windows. P < 0.05 was considered significant. (Fig 1A, 1B, 1C and 1D 
Results
HHT and
, respectively. The dose-effect curves for HHT + Bortezomib were determined by Calcusyn analyses. We found that simultaneous exposure to HHT and Bortezomib for 48 h resulted in a strong synergistic inhibition of cell viability in SKM-1 cells. The best synergistic effect was observed when the molar ratio was 10.4: 1 (HHT: Bortezomib). The CI value at the median effective dose (ED50) was 0.76222 ( Fig 1E) . The inhibition of cell growth in SKM-1 was more significant than normal PBMC cells simultaneously treated with 46.20 nM HHT and 4.46 nM Bortezomib (Fig 1F) .
We further examined the effects of HHT (11.55, 23.10, 46.20 nM) and Bortezomib (1.12, 2.23, 4.46 nM) on SKM-1 cell proliferation and cell cycle distribution using BrdU/7AAD double staining flow cytometry. Similar to results from the cell viability assay, simultaneous exposure to HHT and Bortezomib (10.4: 1) for 72 h resulted in a significant reduction of cell proliferation in SKM-1 cells (Fig 2, P<0.05 ). Cell cycle arrest at G0/G1 and G2/M phase was observed in SKM-1 cells incubated with different concentrations of HHT or Bortezomib for 72 h, which was accompanied by a decreased proportion at S phase (Fig 3, P<0 .05). It was more obvious when HHT: Bortezomib was 10.4:1. Collectively, these results indicated that HHT and Bortezomib synergistically inhibited the growth of SKM-1 cells in vitro.
HHT and Bortezomib synergistically induces cell apoptosis by regulating members of caspase 3 and Bcl-2 family
The results of Annexin V/PI assay indicated that apoptosis rates increased with increasing drug concentration treated with HHT (5.78, 11.55, 23.10, 46.20 nM) or Bortezomib (0.56, 1.12, 2.23, 4.46 nM), mainly in the late apoptosis and a dose-dependent manner (Fig 4B, P < 0.01) . Compared with single agents, a combination of HHT and Bortezomib (10.4:1) resulted in a significant increase in apoptosis. The CI values at ED50, ED75, ED90 were 0.35320, 0.21385 and 0.13255, respectively (Fig 4C) . After treatment with 46.20 nM HHT alone, 4.46 nM Bortezomib alone, or combination of HHT and Bortezomib, SKM-1 cells were stained with Hoechst 33342 to observe nuclear morphology. As shown in Fig 4D, cell shrinkage, chromatin condensation and fragmentation was observed by florescence microscopy. A higher number of SKM-1 cells with apoptotic morphology was observed by fluorescence microscopy in the combined group than in the single-agent groups (Fig 4E, P < 0.01) .
Western blotting was used to evaluate the expression of caspase 9, caspase 3, Bcl-2 and Bax in SKM-1 cells after treatment with HHT, Bortezomib or combination of HHT and Bortezomib for 72 h. Caspase 9 and caspase 3 are important members of the caspase family. Cleaved caspase 9 further processes caspase 3 to initiate a caspase cascade leading to apoptosis. The results showed that 11.55 nM HHT or 1.12 nM Bortezomib significantly increased cleavage activation of caspase 9 and caspase 3, inhibited anti-apoptotic protein Bcl-2 expression and upregulated pro-apoptotic protein Bax. The effect of drugs was more obvious when HHT: Bortezomib was 10.4:1 (Fig 5) . Bortezomib in SKM-1 cell proliferation was related to inhibition of Akt and NF-κB signaling pathway. Furthermore, 11.55 nM HHT or 1.12 nM Bortezomib significantly inhibited the expression of mature miR-3151 (Fig 6E, P < 0.01) . Compared with single agents, a combination of HHT and Bortezomib resulted in a significant decrease of miR-3151. HHT and Bortezomib also increased downstream p53 protein level in SKM-1 cells (Fig 6F) .
Overexpression of miR-3151 promotes cell proliferation and inhibition of p53 protein expression in SKM-1 Over 70% transfection efficiency was observed in SKM-1 cells after 48 h transfection (Fig 7A) . The cell viability and proliferation of SKM-1 cells overexpressing miR-3151 were significantly higher than the control group, accompanied by decreased p53 protein level. Overexpressing miR-3151 of SKM-1 cells partly reversed the effect of HHT and Bortezomib (Fig 7, P < 0.01 ).
Discussion
In this study, we showed that HHT or Bortezomib alone resulted in an inhibition of cell growth and promotion of apoptosis in SKM-1 cells in a dose-dependent manner. To extend our analysis of the synergistic interactions of HHT and Bortezomib, different ratios of HHT and Bortezomib were used to treat SKM-1 cells. Cell viability assays showed a synergistic antiproliferative effect, as indicated by the CIs at molar ratios of 10.4: 1 (HHT: Bortezomib). Cells were arrested in G0/G1 and G2/M phase. Similarly, combination of HHT with Bortezomib strongly and synergistically induced apoptosis in SKM-1 cells. A high Bcl-2/Bax ratio is associated with poor prognosis and decreased rates of CR and OS [21, 22] . HHT and Bortezomib treatment resulted in a strong downregulation of Bcl-2 and up-regulation of Bax in SKM-1 cells, decreasing the Bcl-2/Bax ratio. Downregulation of the Bcl-2/Bax ratio and the activation of caspase cascades contributes to cell apoptosis [23] . The activation of caspase 9 and caspase 3 were observed in SKM-1 cells treated with HHT and Bortezomib. Caspase 9 and caspase 3 protein are members of the cysteine-aspartic acid protease (caspase) family, which play a central role in the execution-phase of cell apoptosis [24] . Initiator caspase (caspase 9) cleave and activate inactive pro-forms of effector caspase (caspase 3). caspase 3 in turn cleave other protein substrates within SKM-1 cells to trigger the apoptotic process.
Constitutive activation of NF-κB might significantly contribute to the pathogenesis of highrisk MDS [12] . The anti-tumor effect of Bortezomib involves inhibition of NF-κB activity, altered degradation of cell cycle proteins, altered balance of pro and anti-apoptotic proteins and DNA repair [25] . To elucidate the molecular mechanisms involved in the synergistic effects of HHT and Bortezomib, the expression of phosphorylated Akt and NF-κB was evaluated in SKM-1 cells treated with HHT and Bortezomib. The results indicated that the synergistic mechanisms of HHT and Bortezomib were related to decreased activation of Akt and involved inhibition of the NF-κB activity. Akt activation is one of the factors contributing to the decreased apoptosis rate in high-risk MDS [26] . Downstream of Akt, NF-κB has been associated with several tumorigenesis mechanisms, including promoting cancer cell proliferation, preventing cell apoptosis, increasing angiogenesis, cancer-related inflammation and metastatic potential [27, 28] . In order to further investigate the mechanism of synergistic cytotoxicity induced by HHT/ Bortezomib combination in SKM-1 cells, downstream miR-3151 abundance and p53 expression were assessed. Numerous studies have been undertaken to successfully provide evidence for an involvement of miRNAs in the regulation of proliferation, differentiation, apoptosis and tumorigenesis [29] . Research on the function of miR-3151 is still limited. Eisfeld et al [14] first reported that the expression of miR-3151 was activated by the SP1/NF-κB complex in AML cell line. Overexpressing miR-3151 in leukemia cells disrupts the TP53-mediated apoptosis pathway. p53 regulates several key processes to suppress cancer, including cell-cycle arrest, DNA repair, apoptosis and senescence [30, 31] . Plenty of experimental results indicate that miRNAs are important to the p53 network [32] [33] [34] . p53 regulates the expression and processing of miRNAs, but is also under the control of certain miRNAs, such as miR-3151. miR-3151 abundance can be reduced by pharmacologic inhibition of SP1/NF-kB binding in AML cell line. In our research, HHT and Bortezomib reduced miR-3151 abundance and increased p53 expression. Furthermore, we found that overexpression of miR-3151 promoted cell proliferation and inhibited p53 expression in SKM-1. Our preliminary study of miR-3151 in high-risk MDS cell line suggested that miR-3151 might play an important role in progression to AML. It is still unclear whether miR-3151 could be used as a prognostic indicator in patients with highrisk MDS. Therefore, further investigation on miR-3151 in high-risk MDS is necessary.
In summary, we demonstrate that HHT and Bortezomib synergistically inhibits SKM-1 cell proliferation and induces apoptosis in vitro. The mechanism of synergy involves Akt and NF-κB signaling pathway inhibition, mature miR-3151 downregulation and downstream p53 protein level increase. Overexpression of miR-3151 enhances SKM-1 cell viability, accelerates cell proliferation and inhibits p53 protein expression. Our preliminary results provide a novel strategy to enhance cytotoxicity towards high-risk MDS cell line SKM-1.
